Outer membrane vesicles produced by Gramnegative bacteria have been studied for half a century but the possibility that Gram-positive bacteria secreted extracellular vesicles (EVs) was not pursued due to the assumption that the thick peptidoglycan cell wall would prevent their release to the environment. However, following discovery in fungi, which also have cell walls, EVs have now been described for a variety of Gram-positive bacteria. EVs purified from Gram-positive bacteria are implicated in virulence, toxin release and transference to host cells, eliciting immune responses, and spread of antibiotic resistance. Listeria monocytogenes is a Gram-positive bacterium that is the etiological agent of listeriosis. Here we report that L. monocytogenes produces EVs with diameter ranging from 20-200 nm, containing the pore-forming toxin listeriolysin O (LLO) and phosphatidylinositol-specific phospholipase C (PI-PLC). Using simultaneous metabolite, protein, and lipid extraction (MPLEx) multi-omics we characterized protein, lipid and metabolite composition of bacterial cells and secreted EVs and found that EVs carry the majority of listerial virulence proteins. Cell-free EV preparations were toxic to the murine macrophage cell line J774.16, in a LLO-dependent manner, evidencing EV biological activity. The deletion of plcA increased EV toxicity, suggesting PI-PLC can restrain LLO activity. Using immunogold electron microscopy we detect LLO localization at several organelles within infected human epithelial cells and with high-resolution fluorescence imaging we show that dynamic lipid structures are released from L. monocytogenes that colocalize with LLO during infection. Our findings demonstrate that L. monocytogenes utilize EVs for toxin release and implicate these structures in mammalian cytotoxicity.
INTRODUCTION
The pathogenic Gram-positive bacterium Listeria monocytogenes is the etiological agent of listeriosis, a disease with serious consequences for pregnant women, newborns, and immunocompromised persons. Healthy individuals who have ingested large amounts of L. monocytogenes can suffer from gastroenteritis when the bacterium passes through the gastrointestinal barrier (1) (2) (3) (4) . L. monocytogenes can cause spontaneous abortions in pregnant women and meningoencephalitis by crossing the placental and blood-brain barriers, respectively (5) . To invade cells, cross these barriers, and evade the immune system, L. monocytogenes has a sophisticated intracellular lifecycle and pathogenic strategy (6, 7) .
Initially, L. monocytogenes invades various cell types, including non-phagocytic cells, by utilizing two internalins, internalin A (InlA) and internalinB (InlB), with a minor contribution by the pore-forming toxin listeriolysin O (LLO), to induce uptake of the bacterium (1, 5, (8) (9) (10) (11) . Once internalized in the host vacuole, L. monocytogenes employs LLO, phosphatidylcholine-specific phospholipase (PC-PLC) and phosphatidylinositol-specific phospholipase C (PI-PLC) to disrupt the single vacuolar membrane, releasing the bacterium into the cytoplasm (12) (13) (14) (15) (16) . In the cytoplasm, L. monocytogenes replicates rapidly and produces the surface actin assemblyinducing (ActA) protein (17) (18) (19) . ActA induces actin formation creating a comet tail, ultimately pushing the bacterium towards the host cell surface to invade neighboring cells. In this manner, L. monocytogenes replicates and spread within the host avoiding the extracellular space and evading the immune system.
The use of extracellular vesicles (EVs) to secrete compounds to the extracellular space is established in mammals and described in a variety of microorganisms, suggesting these structures are produced by all domains of life (1, 3, 4, 6, 12, (20) (21) (22) (23) (24) . EVs are small, lipid bilayered spheres ranging in diameter from approximately 20-500 nm. In Gram-negative bacteria, the outer membrane pinches off resulting in the formation of outer membrane vesicles (OMV). OMVs have been associated with, but not limited to, adhesion, immunosuppression, cytotoxicity, virulence, and stress response (20-22, 25, 26) and been postulated to be "virulence bags". The study of EVs in cellwalled organisms such as Gram-positive bacteria, mycobacteria, and fungi was historically neglected due to the erroneous inference that the combination of a thick cell wall and lack of outer membrane would preclude release of such structures. However, the discovery that fungi produced EVs despite having cell walls (24, 25) stimulated the search for EV in cell-walled organisms. EVs were found in Bacillus anthracis and consistent with the idea of "virulence bags", were implicated in the delivery of anthrax toxin to host cells (12, 17) . EV packaging of toxins is widespread: pneumolysin was shown to be released in EVs from Streptococcus pneumoniae (4, 27, 28) . In Staphylococcus aureus and Mycobacterium ulcerans, intact toxin-associated EVs are more cytotoxic than disrupted EVs or purified toxin alone, indicating that EV structure is required for efficient delivery of the virulence "package" (3, 29, 30) .
There have been two recent reports of EVs in L. monocytogenes (17, 31) . In this study, we confirmed these findings, extended the observation that EVs are cytotoxic to murine macrophage-like cells, characterized the secreted EVs using simultaneous metabolite, protein, and lipid extraction (MPLEx) multi-omics approach (32, 33) , and evidence that EVs are secreted by intracellular bacteria into the cytosol of mammalian cells using electron microscopy and high-resolution fluorescence imaging.
RESULTS

L. monocytogenes produces EVs that carry virulence factors and are hemolytic
Production of EVs has been demonstrated in several species of Gram-positive bacteria (25) . To visualize EVs released from L. monocytogenes, we isolated cells or EVs from the extracellular media and imaged these by Transmission Electron Microscopy (TEM). Lipid bilayer vesicles, and vesicle-like structures were visualized protruding from bacterial cells, consistent with EVs ( Figure  1A and 1B, see Table 1 for strain description). We tracked the presence of LLO and PI-PLC during our EV purification steps to obtain biochemical evidence for the association of virulence factors, such as LLO and PI-PLC, with EVs ( Figure 1C and Supplemental Figure 1 ). Our data shows that part of LLO and PI-PLC are precipitated by ultracentrifugation at 100,000 xg, consistent with partial secretion associated with EVs. We explored the temporal relationship between LLO-EV association and bacterial growth by purifying EVs from the wild-type strain at various time intervals during broth culture growth and observed LLO in the EV fraction at all phases of bacterial culture growth ( Figure 1D ). To ascertain presence of functional LLO in EVs we tested all stages of the purification process for lysis of erythrocytes (Red Blood Cells, RBC) ( Figure 1E ). The fractions Sup, 100 kDa conc, Sup2, and EVs all lysed RBC. Therefore, we conclude that LLO and PI-PLC are secreted partially in EVs, in agreement with prior reports of EV-associated LLO (17, 31 Figure 2E ). The diameter and morphology of EVs from L. monocytogenes is similar to EVs produced by S. aureus and S. pneumonia (1, 3, 4) . Hence, the stronger hemolytic action observed for the strain lacking plcA was not due to increased production of LLO or EV structural differences.
MPLEx characterization of L. monocytogenes cells and EVs
EVs typically carry proteins, lipids, RNA and metabolites. EVs from L. monocytogenes have been characterized for their protein content (17) , but no information is available about other components. We performed MPLEx analysis of bacterial cells and EVs to characterize their composition (Fig. 3 , Supplemental tables 1 and 2). We found striking differences in protein, lipid and metabolite compositions between cells and EVs. The EVs were enriched in proteins from peptidoglycan synthesis and carbohydrates synthesis ( Figures 3A and 3D) , suggesting a role in the synthesis of the cell wall. EVs are depleted in proteins associated with translation machinery, and enzymes from fatty acid or amino acid metabolism, but enriched in ABC transporters. We also identified the classical virulence factors of L. monocytogenes such as LLO, InlA, InlB, plcB, and ActA associated with EVs, most of them significantly enriched in EVs compared to cells ( Figure 3D ). Many of the proteins involved in secretion of virulence factors were also detected in EVs (SecDF, SecYEG, SecA, SipZ, YidC, and PrsA2) (35) . The lipid profile of bacterial cells showed enrichment in saturated fatty acids and an abundance of phosphatidylglycerol and cardiolipin in bacterial cells, consistent with previous literature (27, 36) . Lipid species containing unsaturated fatty acids are more abundant in EVs compared to cells ( Figure 3E shows the profile of diacylglycerols as an example). EVs are enriched in phosphatidylethanolamine, sphingolipids (ceramide, monohexosylceramide, mannosylinositolphosphoceramide and sphingomyelin) and triacylglycerols, but depleted in glycoglycerolipids, such as mono and digalactosyldiacylglycerols ( Figure 3B and 3E). EVs carried metabolites such as ornithine (or arginine because arginine is converted to ornithine during the sample preparation for GC-MS analysis), citrulline, myo-inositol, phenylalanine, citric acid, and a key intermediate metabolite pyruvic acid ( Figure 3C and F).
EVs and LLO are produced and target within infected human epithelial cells
We performed immunogold EM (immunoEM) in Listeria-infected MCF-7 cells for information on LLO distribution at the ultrastructural level, and in an attempt to visualize association of EVs and LLO in the context of mammalian infection. The specificity of the immunoEM staining using anti-LLO antibodies was determined by assessing LLO-gold particle density. ImmunoEM labeling was negligible for Δ hly strain compared to wildtype-strain infected cells (Supplemental Figure 2) . At 3 hours post-infection (hpi) in MCF7 cells, the vast majority of Listeria were detected as free organisms in the host cytoplasm, with only 5% enclosed in a phagosomal compartment ( Figure  4A ). Some LLO-gold particles were observed in close proximity to free Listeria and associated with vesicles, although the origin of these vesicles, if bacterial or the host cell-derived, could not be determined ( Figure 4B ). Gold particles were abundantly detected in the nucleoplasm of host nuclei, mainly on heterochromatic area ( Figure  4C ). However, data from immunofluorescence (see below) shows unspecific staining of the mAb to LLO to mammalian cell nuclei, and therefore we advise cautious interpretation of immunodetection when performing studies of LLO location within host cells. A noticeable feature of Listeria-infected cells is LLO-mediated induction of autophagy (37) . We confirmed the accumulation of autophagosomes and autolysosomes in infected cells, and detected vesicles containing LLO adjacent to autophagic structures ( Figure 4D ). Additionally, LLO was observed associated with vesicular structures and free aggregates in the host cytosol ( Figure 4E -F), without any discernable membrane surrounding or binding the toxin. Another set of host organelles targeted by LLO included tubules of the ER ( Figure 4G ) and the mitochondria, in which LLO was detected on the outer and inner membranes ( Figure 4H ). The transport of LLO to host mitochondria may be vesicular as several LLOcontaining vesicles were observed surrounding these organelles. The ER or mitochondrial staining was not observed when cells were infected with Δ hly bacteria. In summary, quantitative distribution of gold particles in mammalian cells containing replicating bacteria reveals that LLO is present at the surface of various host organelles, mainly ER-and mitochondria-associated, and within membrane vesicles whose origin could not determined by immunoEM.
As an approach to detect bacterial EV production, dynamics and localization with LLO during mammalian infection we developed a highresolution imaging approach to detect Listeriaderived lipids. To label L. monocytogenes lipids, we grew bacteria in the presence of 1 µM BODIPY 558/568 C12 (Bodipy C12), a fluorescent saturated fatty acid analogue (38) for 18 hours. Bacteria cells were grown at 30°C to inhibit the in vitro production of virulence genes, including LLO (39), before infecting MCF-7 breast cancer epithelial cells. We note that this may delay progression of infection when comparing to samples imaged by immunoEM. Bodipy C12 effectively labeled bacterial cells ( Figure 5 and Supplemental Movie 1), presumably inserted into phosphatidylglycerol-dodecanoic acid lipid species (see lipid analysis in Supplemental Table 2 ). High-resolution, timelapse imaging shows that Bodipy C12 puncta were observed both proximal and distal to bacterial cells indicating release and mobility of bacterial lipids, presumably EVs, in the host cytoplasmatic compartment. In another set of experiments, we investigated colocalization of LLO with Bodipy C12-labeled bacterial lipids ( Figure 6 ). At 1.5 hpi, bacteria were mostly localized in phagosomes, Bodipy C12 localized exclusively at GFP-labeled wild-type and LLO -bacteria, while LLO was not detected (data not shown). At 3.5 hpi, LLO was readily detectable as clusters surrounding wildtype bacteria, but not LLO -bacteria (Figure 6A-D) . Notably, Bodipy C12 co-localized with LLO puncta at sites proximal and distal, which were not in contact with GFP-labelled wild-type Listeria ( Figure 6B closed arrows). This data supports LLO association with bacterial lipids and thus compartmentalization within Listeria-derived vesicles when infecting mammalian cells. A summary of our results in schematic fashion is shown in Figure 7 .
DISCUSSION
The production of EVs has now been described in all domains of life. OMVs from Gram-negative bacteria have been studied for over half a century, while only recently EVs were found in Grampositive bacteria as diverse as Staphylococcus aureus (20) and Listeria monocytogenes (17, 31) . One advantage for toxin packaging in EVs is that it allows their delivery as a concentrated warhead that is not diluted as a function of the square of the distance from the bacterial surface. The field of bacterial EVs has historically been plagued by controversy as to whether these structures were real cellular products or the result of lipid association following lysis of bacteria. For Gram-positive bacteria these questions are further complicated by concerns as to how EV traverse the bacterial cell wall (23) . Raising additional suspicion for their existence was the absence of EV-null mutants, although recent work have identified genes modulating EV synthesis in Gram-positive bacteria (42) and mycobacteria (43) , and gene deletions that alter morphology of EVs (17) . In this study we establish that EVs are associated with LLO via biochemical purification approaches, functional detection, immunoEM and fluorescence microscopy. We provide evidence against their formation as by-products of cell autolysis by showing major differences in lipid and protein composition from parent bacteria and imaging their release inside infected mammalian cells. These findings together with the two reports (17, 31) provide compelling evidence for the notion that L. monocytogenes releases EV packed with virulence factors.
When establishing toxicity of EVs for nucleated mammalian cells we detected increased cytotoxicity in EVs from strains deleted in Δ plcA (but not Δ plcB deletion). These results are surprising since no alteration of hemolysis capacity was observed upon engineering of the Δ plcA DP-L1552 strain (34) . One explanation is to attribute these discrepancies to different experimental models: source of toxins (EVs versus supernatants) and assays (RBC hemolysis vs cytotoxicity assays). However, we entertain other possibilities that could account for these findings. Firstly, it is possible that Δ plcA loss subtly affects EVs into more efficient vehicles of LLO delivery since we could not detect gross structural abnormalities relative to wild-type strains. Secondly, it is possible that PI-PLC interacts with LLO to reduce its toxicity in some manner (44) , but the mechanism by which this phenomenon occurs is unclear at this time.
Overall, our data shows that EVs have distinct compositions from the bacterial cells, strong evidence that EVs are specialized structures from the bacterium. Exosomes from mammalian cells have distinct a lipid composition cellular membrane of parent cell, with exossomes enriched in sphingomyelin, and cholesterol (29) . The saturated lipids in L. monocytogenes cells are necessary in low temperature conditions (27, 28 EVs carry significant variety of toxins for the parent bacterium, in particular LLO (17, 31) . We note prior studies that recovered LLO from culture supernatant through protein purification would have included the vesicular fraction and therefore those results are compatible with our findings (45) . Our findings do not rule out that LLO is released at the bacterial surface in its free form, but suggest instead simultaneous soluble and vesicular secretion. Redundancy of secretion mechanisms is consistent with the fact that strains deleted for factors involved in secretion and folding of LLO retain some hemolytic activity: both PrsA2 (46) and SecDF (47) deletion strains possess 30% hemolysis capacity compared to wild-type bacteria. Further SecDF, PrsA2 and SipZ were detected in EVs, suggesting that these components may be involved in both soluble secretion and EVmediated secretion (48), i.e., the pathways overlap such that the machinery involved in secretion of the soluble form is equally involved in secretion of the vesicular form. Dual secretion is not the rule for EV-associated toxins. For example in B. anthracis the majority of anthrax toxin was secreted via EVs, since toxin was present in the EV pellet and not the supernatant after ultracentrifugation (12) . It remains to be seen how sorting of the soluble vs vesicular form occurs.
The EVs are enriched in proteins from peptidoglycan synthesis as well as carbohydrates, suggesting EVs are involved in the synthesis of the cell wall. It is conceivable that some of these enzymes may be involved in biofilm formation (32) (31) . In other bacterial pathogens (S. aureus and Legionella pneumophila), EVs were found to fuse with host cells (49, 50) but it has been suggested that EVs from L. monocytogenes are internalized in endosomes (31) . In the absence of a detailed study we consider it is possible that EVs from L. monocytogenes may simply be uptaken by endocytosis, or, given the invasive arsenal of L. monocytogenes, equally probable that EVs induce ingestion by host cells, either via internalin (InlA and InlB) interactions with lipid microdomains at the cell surface (51), or by LLO pore-triggered entry mechanisms analogous to what has been observed for L. monocytogenes cells invading human hepatocytes (9) .
The majority of previous studies have focused on exogenous addition of EVs and its effects on host cells (31) , but unequivocal demonstration of EV secretion within infected host cells is e demosntrated. Two reports have described synthesis of EVs within murine and human macrophages by M. tuberculosis (52) and L. pneumophila (53) because infected macrophages cells secreted disparate populations of EVs with one population carrying solely host proteins while the second population carried mostly bacterial products. We observed LLO associated with small vesicles whose size was compatible with that of EVs by immunoEM of mammalian cells infected with L. monocytogenes (150-250 nm in diameter in infection versus 90nm measured by DLS). An alternate explanation for this finding is that LLO molecules could hijack mammalian lipids via interaction with cholesterol, the only known mammalian cell receptor for LLO (54) . Regardless of the origin of these vesicles, either via bacterial EVs or hijack of host membrane, their proximity to host organelles suggests a vesicular delivery of LLO, preceding insertion into organelle membranes.
Fluorescence microscopy demonstrated bacterial lipids distal to bacterial cells within host cytosol and bacterial lipid colocalization with LLO supporting lipid-EV association with LLO and therefore suggesting that even in host cytosol LLO-EV association exists. In the future, strategies akin to ours may allow to observe EVs contribution to pathogenesis in real time and one may even identify and tag a lipid species that is inserted solely in EVs facilitating a finer distinction from bacterial cellassociated lipids. LLO, "the swiss-army knife" (8) , is continuously produced to regulate multiple steps of the intracellular life of L. monocytogenes. LLO secreted by extracellular L. monocytogenes or addition of recombinant LLO to mammalian cells affects the ER (55) and mitochondria (56) , interaction of LLO with cholesterol causes small membrane perturbations in situ and the damaged cellular compartments act as intracellular danger signals, triggering autophagy (57) such that tight control of toxin synthesis and activity is needed to avoid killing the host cell (58) . Future studies will determine how LLO compartmentalized within EVs can incorporate this paradigm (59) . The functions of intracellular EVs, and their LLO cargo, may simply recapitulate functions of soluble LLO such that their roles are indistinguishable or, alternatively, vesicular LLO could facilitate a particular set of interactions. For example in B. anthracis EV integrity was required for toxicity of EV-toxin cargo (12) .
In summary, we confirm that L. monocytogenes EV contain LLO, as well as many other virulence factors. L. monocytogenes provides yet another example of a Gram-positive bacterium packaging its toxins in EVs (17, 24, 40) . The fact that many Gram-positive and cell-walled microorganisms produce EVs raises fascinating questions in cell biology regarding the mechanisms for transit across cell walls and the packaging of EV cargo. Our results confirm L. monocytogenes produces EVs, characterize composition of EVs and establish LLO-EV association during mammalian infection. Our findings provide fertile ground for future investigations in this rapidly developing field.
EXPERIMENTAL PROCEDURES Bacterial strains and mammalian cell lines
L. monocytogenes strains were maintained at -80 o C ( Table 1 ). All cultures were grown in Brain Heart Infusion (BHI) broth (Difco) with 180 rpm shaking at 37°C, except when otherwise noted. J774.16 macrophage-like cells were maintained in 10% fetal bovine serum, 10% NCTC, 1% nonessential amino acids, in Dulbecco's Modification of Eagle's Medium (DMEM catalog #10-013-CV). Human MCF-7 breast cancer cells (ATCC  HTB22) were maintained in DMEM, supplemented with 10% FBS, L-glutamine, nonessential amino acids, and penicillin/streptomycin/amphotericin B (all from Thermo Scientific).
EVs purification
Cultures were incubated at 180 rpm shaking at 37°C for 18 h of growth unless specified otherwise. EVs were purified from planktonic BHI cultures (see diagram on Supplemental Figure 1 ). Cultures were centrifuged at 16,000xg for 15-20 min to remove cells and subsequently filtered through a 0.2μm filter to remove remaining cells and debris. Cell-free supernatant ("Supernatant"-#1) was concentrated using a 100 kDa cutoff membrane on an Amicon ultrafiltration device (Millipore). In some experiments the fraction that was able to flow through the membrane was collected ("Flow-through"-#2).
The fraction above the membrane (("100 KDa Conc"-#3) was washed with PBS (with Ca 2+ and Mg 2+ ), brought down to 10-50 mL while the flow through collected as a separate fraction ("PBS Wash 1"-#4). About 10-50 mL remaining on the top of the membrane were then ultracentrifuged at 100,000 xg for 1h in a Beckman Optima-XL to pellet EVs. Supernatant was removed ("Supernatant 2"-#5), washed once with PBS and re-centrifuged. At the end of this centrifugation, supernatant ("PBS Wash 2"-#6) was collected and pellet ("EVs"-#7) was resuspended in PBS.
Transmission Electron Microscopy
Cell and EV samples for TEM were processed as previously described (23, 45) . Samples were viewed on a JEOL 100CXII or JEOL 1200EX at 80kV. For measurements of EV diameter by TEM a 1.27 correction factor was applied to compensate for the fact that EM diameters are derived from spheres (60) .
SDS-PAGE gels and Western Blots
For protein visualization of proteins from bacterial cells, approximately 100 mL of culture was spun to obtain bacterial and these cells were disrupted by sonication (4 rounds of 20 s sonication and 30 s rest on ice) (Sonic Dismembrator Model 100; Fisher Scientific). Supernatants were isolated from 1 L cultures, concentrated using a 100-kDa ultrafiltration and then further concentrated on a 30-kDa ultrafiltration device (Amicon, Millipore). The equivalent of 1 mL cells, and 1 L of EVs were supplemented with 4x Sample Buffer and 20μl used for each sample. All buffers used with intact cells and EVs were at mammalian physiological pH (7.0-7.4). Culture BHI broth after overnight (18 h) culture had pH=6.3. Samples were kept on ice at all times, except ultrafiltration was performed at room temperature. Samples were then incubated with 15% TCA with 1/100 of its volume of 2% DOC or with 10% TCA overnight at 4°C. The resulting pellet was washed 2 times with acetone, resuspended in protein sample buffer (50mM Tris, 2% SDS, 100mM DTT, 10% glycerol) in a volume proportional to the equivalent starting culture material (l00 μ L per 1000 mL of starting culture)., Equal volumes of samples were run on a denaturing 10% Bis-Tris gel (Nupage, Life Technologies), according to manufacturer instructions. Positive control was recombinant ~53kDa LLO fragment (Abcam #ab83345) and negative control was supernatant from deletion strain. PI-PLC rabbit antiserum was a kind gift of Dr. Howard Goldfine (61). Samples were transferred into a PVDF membrane and immunoblotted using anti-LLO polyclonal rabbit IgG (Abcam #ab43018, lotGR56599-8, 17, or #ab200538 lotGR211194-7,12) in blocking buffer (5% non-fat dry milk in TBS-1% Tween) overnight at 4°C. Secondary antibodies goat α -rabbit IgG-HRP (Southern Biotech) was used for 1 h at room temperature. Blot was developed using SuperSignal West Pico Chemoluminescent Substrate (Thermo Scientific). For visualizing proteins, gels were incubated at room temperature in Coomassie Brilliant Blue R-250 (Thermo Scientific) for 1 h and then destained with water, methanol, and acetic acid (50/40/10 v/v/v) overnight.
Erythrocyte (RBC) lysis assay
Erythrocyte (red blood cells, RBC) lysis was measured as described previously. Briefly sheep RBC (Innovative Research) were resuspended in 1% BSA at 6 x10 8 RBC/ml. Aliquots from each purification step were diluted serially in a 1:3 ratio. Assay was performed in total volume of 300 μ l and concentration of rLLO of 350 ng/mL. EVs (obtained as described above) were resuspended in PBS or 10 mM dextrose, filter sterilized, and diluted in 1%BSA. Samples were incubated with RBC for 45 min at 37°C, spun briefly to sediment intact RBC, and absorbance of the supernatant was measured at 594 nm. 4 macrophages per well and incubated overnight at 37°C. EVs were resuspended in PBS 10% dextrose, filter sterilized and added to cells in triplicate with a serial dilution of 1:2 in DMEM. The plate was incubated for 4 h at 37°C. At the end of 4h, sterile MTT solution (5 mg/ml in PBS) was added to wells and incubated for an additional 2 h at 37°C. A purple color forms due to reduction of MTT to formazan by viable macrophages. Formazan precipitate was dissolved overnight at 37°C upon addition of extraction buffer (12.5% SDS, 45% dimethylformamide in PBS). Absorbance was read at 570 nm. EV killing was compared to negative control of 10% dextrose (same volume as EVs) in media and 100-200 ng of purified LLO fragment (Abcam#ab68200). When treating J774.16 cells with EVs from two strains, the total volume of EVs was maintained by adding 50% the volume of EVs from each individual strain.
Dynamic Light Scattering
Hydrodynamic diameters of EVs were measured with 90Plus/BI-MAS Multi Angle Particle Sizing analyzer (Brookhaven Instruments Corp.), as described previously (23, 62) .
Multi-omics experimental design and statistical rationale
For the multi-omics experiment Listeria monocytogenes cells were grown and harvested in biological triplicates, which is enough for studying samples derived from established cell cultures (63). Furthermore, we observed that with the recent improvements of the mass spectrometers the technical variability is much smaller than natural biological variability, avoiding the necessity of collecting data for technical replicates. To ensure the performance of the mass spectrometer we run quality control samples before and after each sample batch, and quality is monitored as previously described (64). All the samples were randomized for sample preparation and again for data collection. Enrichment or repletion of molecules in EVs was determined by T-test considering two-tailed distribution and equal variance.
Metabolite, Protein and Lipid Extraction (MPLEx)
L. monocytogenes cells were lysed by vigorous shaking with 0.1 mm zirconia/silica beads as in 50 mM NH 4 HCO 3 buffer, pH 7.8. Then cell lysates and EVs were submitted to MPLEx, as previously described (33) . Briefly, 5 volumes of -20°C chloroform:methanol (2:1) were added and the samples incubated for 5 minutes on ice, before vortexing for 1 minute and centrifuging at 12,000 rpm at 4°C for 10 minutes. The top and bottom phases, containing metabolites and lipids respectively, were collected into autosampler vials and dried in a vacuum centrifuge (Labconco, Kansas City, MO). The protein pellet was washed by adding 1 mL -20°C methanol and centrifuging at 12,000 rpm for 10 minutes at 4°C. Then the supernatant was discarded and precipitated protein was dried in a vacuum centrifuge.
Proteomic analysis
Proteins were digested with trypsin as described elsewhere (33) and resulting peptides were analyzed by liquid chromatography tandem mass spectrometry (LC-MS/MS) in NanoAcquity UPLC (Waters) connected to a Q-Exactive mass spectrometer (Thermo Fisher Scientific). Peptides were loaded into trap column (5 cm x 360 µm OD x 150 µm ID fused silica capillary tubing, Polymicro, Phoenix, AZ; packed with 3.6-µm Aeries C18 particles, Phenomenex, Torrence, CA) and gradient was performed in a capillary column (70 cm x 360 µm OD x 75 µm ID packed with 3-µm Jupiter C18 stationary phase, Phenomenex): 1-8% solvent B in 2 min, 8-12% B in 18 min, 12-30% B for 55 min, 30-45% B in 22 min, 45-95% B in 3 min, hold for 5 min in 95% B and returning to 1% B in 10 min. Solvent A: water with 0.1% formic acid and solvent B: acetonitrile (ACN) containing 0.1% formic acid. Spectra were collected in 400-2000 m/z range with a resolution of 35,000 at m/z 400. MS/MS was performed once on the top 12 most intense ions with ≥ 2 charges using high-collision energy (HCD) (30% NCE and resolution of 17,000 at m/z 400) and dynamic exclusion was set to 30 s. Spectra were queried against the Listeria monocytogenes 10304s protein sequences from Uniprot Knowledgebase (2815 sequences downloaded on January 17, 2017) using MaxQuant (v.1.5.5.1) (65), considering only fully tryptic peptides with two missed cleavages allowed, methionine oxidation as a variable modification and cysteine carbamidomethylation as fixed modification. Peptide mass tolerance was set at 20 ppm first database search and at 4.5 ppm after calibration for the main peptide search. Fragment mass tolerance was set at 20 ppm for both searching rounds. The peptide score threshold was set as the default parameter from MaxQuant and the FDR was limited to 1% in both peptidespectrum match and protein levels. Quantification was performed using the LFQ function of MaxQuant using a minimum ratio count of 2, minimum number of neighbors of 3 and average number of neighbors of 6. Redundant peptides were assembled into protein groups and quantification of proteins was performed based on unique peptides plus razors. Extracted LFQ intensities were submitted to linear regression and central tendency normalization with InfernoRDN (formely DAnTE) (66) . Function-enrichment analysis was performed using the KEGG annotation (67) and considering only pathways with more than 3 entries, fold enrichment 
Metabolomic analysis
Polar metabolites from both the EVs and cell lysates were derivatized and analyzed as described previously (33) using a GC 7890A GC-MS system (Agilent Technologies). Blanks and fatty acid methyl ester (FAME) samples were included in the analyses for background reference and RT calibration purposes, respectively. GC-MS data was processed Metabolite Detector as previously described (68) . For identification purposes metabolites were identified by matching experimental spectra to a PNNL augmented version of FiehnLib library (69) , containing spectra and validated retention indices of more than 900 metabolites. As for the unidentified metabolites, these were screened against the NIST14 GC-MS Spectral Library by comparing their spectra alone (denoted with "NIST"). The curated data set of identified metabolites, unidentified features, and their abundances for each sample was then subjected to multivariate data analysis (MVDA) by making use of MetaboAnalyst (70) .
Lipidomic analysis
Lipids were analyzed by LC-MS/MS both positive and negative ionization modes in a LTQ Obtrap Velos mass spectrometer (Thermo Fisher Scientific) as described in detail previously (71) . Lipid species were identified using the LIQUID tool (71) followed by manual inspection. Confidently identified lipid species were quantified using MZmine 2 (72) and the peak intensities were normalized by linear regression and central tendency with InfernoRDN.
Immunoelectron microscopy of L. monocytogenes infected MCF-7 cells
Cell lines were plated at 1x10 5 /mL the day before infection in 2 ml for 6 well plates. L. monocytogenes cells from an overnight starter culture in BHI 37°C were inoculated in fresh media at 1/100 dilution and grown for 1-2 h in the same conditions. Monolayers of MCF-7 cells were infected with L. monocytogenes, wild-type or LLO -(Δhly), at the MOI of 1:20 for 3 h before fixation, first in 4% paraformaldehyde (PFA; Electron Microscopy Sciences, PA) in 0.25 M HEPES (pH=7.4) for 1 h at room temperature, then in 8% PFA in the same buffer overnight at 4 o C. Samples were infiltrated, frozen and sectioned as previously described (73) . The sections were immunolabeled with mouse antirabbit LLO antibody (Abcam #ab200538) at 1/20 dilution in PBS/1% fish skin gelatin, then with IgG antibodies, followed directly by 12 nm protein A-gold particles before examination with a Philips CM120 Electron Microscope (Eindhoven, the Netherlands) under 80 kV.
Immunofluorescence studies of L. monocytogenes-infected MCF-7 cells MCF-7 cells were plated and infected in 8-well microscopy µ-slides (ibidi, Germany) in antibiotic-free media. To label L. monocytogenes membrane lipids, bacteria were incubated with 1 µM Bodipy 558/568 C12 (Thermo Fisher Scientific) for 18 h at 30°C, to repress LLO expression, and excess dye washed off prior infection of mammalian cells at an MOI of 1:50. Gentamicin was added 30 min after start of infection to repress extracellular growth of bacteria. For time-lapse imaging wild-type GFPexpressing L. monocytogenes was used and imaged 2-3 hpi hpi, in a humidified chamber at 37°C with 5% CO 2 . For immunofluorescence staining, cells were fixed for 15 min with 4% paraformaldehyde (in PBS, pH 7.4) at the indicated time points. Cells were then permeabilized with 0.3% Triton X-100 in PBS, blocked with 3% BSA, and incubated with primary antibodies against LLO (Abcam; #ab200538) overnight at 4°C. Staining was performed for 30 min at room temperature using highly cross-absorbed Alexa Fluor 647 secondary antibodies (Thermo Fisher Scientific). DNA was labeled using Hoechst 33342 (1ug/mL; Thermo Fisher Scientific). 3D stack of infected cells were obtained using a DeltaVision Elite microscope system (GE Healthcare) equipped with a 60x oil immersion objective. Images were deconvolved (SoftWoRx) and analyzed using ImageJ (https://imagej.nih.gov/ij/). Colocalization was performed using the Colormap plugin (74) .
Statistics
Error bars represent mean and SD. Statistics tests were performed using GraphPad Prism. Diameters were analyzed by one-way ANOVA with Bonferroni correction. 
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